Background-Matrix metalloproteinases (MMP) are implicated in cardiovascular disease. Growth hormone (GH) deficiency is associated with increased cardiovascular mortality. We assessed whether GH replacement, in GH-deficient adults, has any effect on plasma levels of MMP-2 and MMP-9 and on vascular endothelial growth factor (VEGF), known to activate MMPs. Methods and Results-The study comprised 66 GH-deficient adults, 37.8Ϯ14.7 years of age (37 female). Plasma MMP-2 and MMP-9, VEGF, and insulin-like growth factor-1 (IGF-1) were measured at baseline (V 1 ), at 12 months (V 2 ), and at 24 months of GH treatment (V 3 ). IGF-1 levels rose under GH replacement (meanϮSD): V 1 , 151.6Ϯ91.9 g/mL; V 2 , 270.2Ϯ114.8 g/mL; and V 3 , 266.2Ϯ109. 
C ardiovascular disease is a recognized cause of premature mortality in hypopituitary patients 1 in whom all pituitary hormone deficits are replaced except for growth hormones (GH). GH mediates many of its anabolic action through liver-derived insulin-like growth factor-1 (IGF-1). Growth hormone-deficient (GHD) adults, characterized by low or low-normal IGF-1 levels, also have impaired cardiac structure and performance, endothelial dysfunction, and vascular disease with increased intimamedia thickness and premature atherosclerosis. [2] [3] [4] [5] GH plays an important role, not only in modulating metabolic factors and endothelial function but also in myocardial and vascular remodeling.
Matrix metalloproteinases (MMPs) are proteolytic enzymes that normally remodel the extracellular matrix and pathologically attack substrates as part of an inflammatory response. Increased activity of MMPs has been implicated in numerous disease processes, including atherosclerosis and cardiovascular disease. 6, [7] [8] [9] [10] [11] [12] The major MMP species in the myocardium and vasculature are the gelatinases (MMPs 2 and 9), MMP-1 (interstitial collagenase), and Mt1-MMP. MMP-2 (72-kDa) and MMP-9 (92-kDa) play a major role in acute myocardial ischemia and reperfusion injury 9 and vascular matrix remodeling. 10 Furthermore, increased expression of MMP-9 has been demonstrated in the vulnerable regions of human atherosclerotic plaques; 7 increased matrix degradation by MMPs has been implicated as one of the key factors that leads to plaque instability. 11 Peripheral concentrations of MMP-2 and MMP-9 are reported to be raised in patients with acute coronary syndromes, 12 with increased expression and activation of MMP-2 and MMP-9 noted in cerebral ischemia. 8 Chronic subclinical inflammation plays a role in the pathogenesis of atherosclerosis, 13 and both C-reactive protein (CRP) and interleukin-6 (IL-6), markers of subclinical inflammation, are independent predictors of cardiovascular disease (CVD) risk. 14, 15 In addition to proinflammatory states, expression of MMPs is upregulated by a variety of hormones and growth factors, including vascular endothelial growth factor (VEGF). 16 VEGF, a homodimeric glycoprotein, plays an important role in vasculogenesis, atherogenesis, and vascular remodeling in response to "injury." 17, 18 VEGF, stimulated by hypoxia, 17 upregulates the expression of matrix metalloproteinases. 16 GH replacement in adults, in the setting of hypopituitarism, leads to an improvement in metabolic and cardiovascular risk profile 19 -21 ; in addition, the premature atherosclerosis and endothelial dysfunction, noted in these individuals, improves with GH treatment. 4, 5 Thus, GH replacement modulates metabolic, endothelial, and vascular function; therefore, in the present study, we aimed to investigate the effects of GH replacement, in GH-deficient adults, on plasma concentrations of MMP-2, MMP-9, and VEGF.
Methods

Patients
The study cohort comprised 66 GHD adults (29 men, 37 women), mean age of 37.8Ϯ14.7 years, with a mean body mass index (BMI) of 29.6Ϯ7.7 kg/m 2 . All patients with isolated GH deficiency underwent two provocative tests. All but 7 of the patients were subject to insulin-induced hypoglycemia. Arginine and glucagon stimulation tests were used if the insulin-induced hypoglycemia was contraindicated. Using conventional guidelines, a peak GH response of Ͻ9 mU/L was regarded as GH deficiency. Twenty-two patients had isolated GH deficiency, and the remaining 44 had varying degrees of hypopituitarism. The latter patients were receiving stable replacement with corticosteroids, thyroxine, and sex steroids for the duration of the study. In the female cohort, 19 patients were gonadotrophin-deficient, 16 of whom were receiving estrogen replacement. None of the patients was taking lipid-lowering therapy. The primary pathological diagnoses were pituitary adenoma (nϭ22), craniopharyngioma (nϭ9), idiopathic GH deficiency (nϭ4), histiocytosis X (nϭ2), empty sella syndrome (nϭ1), pituitary apoplexy (nϭ1), and radiation-induced GH deficiency resulting from successful treatment of malignant brain tumor or acute lymphoblastic leukemia (nϭ27). In addition, after informed consent, 116 healthy volunteers (48 men, 68 women) with a mean age of 35.9Ϯ16.6 years and a BMI of 28.9Ϯ8.2 kg/m 2 were recruited from the medical school and hospital, to act as the control population.
Study Protocol
The design of the study was an open treatment trial of GH replacement over a 2-year period. Before commencing GH replacement, patients underwent physical examination and blood was drawn for the measurement of IGF-1, matrix metalloproteinase 2 (MMP-2), MMP-9, and VEGF. The patients were taught to self-inject GH by using an automated pen device (Genotropin Pen, Pharmacia and Upjohn), and when competent were commenced on GH at a dose of 0.27 mg/d. The GH dose was subsequently adjusted at intervals of 4 to 6 weeks to normalize the serum IGF-1 within the range of ϩ2 to Ϫ2 SD of the age-adjusted mean in the absence of GH-related side effects. After an overnight fast, plasma samples were stored for the measurements of IGF-1, MMP-2, MMP-9, and VEGF, after 12 and 24 months of GH treatment. In addition, BMI and waist-to-hip ratio (WHR) were documented. Ethical approval for this study was granted by the South Manchester Local Research Ethics Committee, and written consent was obtained from each subject.
Assays
Serum samples were analyzed for IGF-1 by means of a radioimmunoassay, after separation of IGFs from IGF-1-binding proteins (IGFBPs) by acid/alcohol extraction. Des(1-3)-IGF-1 was used as radioligand to minimize interference of IGBPs in the extract. The intra-assay and interassay coefficients of variation (CV) were 10% and 3.1%, respectively.
Human VEGF (sensitivity, Ͻ9 pg/mL; intra-assay precision [CV], 6.7%) and MMP-9 (total) (sensitivity, 0.156 ng/mL; CV, 2.9%) evaluations were performed with the use of ELISA kits (Quantikine, R & D Systems). Human MMP-2 (sensitivity, 0.37 ng/mL; CV, 6.3%) measurements were carried out with ELISA kits (Biotrak, Amersham Pharmacia Biotech). Serum levels of CRP and IL-6 were measured by ELISA (Diagnostic Systems Laboratory Inc and R & D Systems, respectively), with an interassay CV of 6.4% for CRP and 5.9% for IL-6.
Statistical Analysis
The data were analyzed by means of generalized linear mixed (fixed and random effect) hierarchical (patient and observation) statistical models with a single patient-level random effect parameter, such that total observed variation could be apportioned to that occurring between patients versus within a patient. Models were generated with the use of MLwiN software (Institute of Education, London, UK), and the significance of model parameters was assessed by maximum likelihood methods with 2-tailed tests. Simple descriptive statistics and crude Pearson correlation coefficients were derived by means of SAS v 8.0 software (SAS Institute Inc). In all analyses, statistical significance was considered achieved for a value of PϽ0.05. Table 1 illustrates the changes over time of the covariates of interest. IGF-1 levels rose in response to GH replacement by 12 months (PϽ0.001), a significant increase that was maintained but not altered (Pϭ0.76) after 24 months of observation (PϽ0.001). Concomitant declines were observed in MMP-2, MMP-9, and VEGF levels. Of these, MMP-9 exhibited the most pronounced and sustained decline from a mean baseline level of 1248.0Ϯ651.1 ng/mL through 949.2Ϯ457.7 ng/mL at 12 months to 760.8Ϯ386.1 ng/mL by 24 months of observation. At each observation, the decline in MMP-9 levels from the previous observation was statistically significant (PϽ0.001 for both). A similar pattern of continued decline over the total period of observation was detected for VEGF levels (Table 1) , with the 12-month observations significantly less than baseline (PϽ0.001) and 24-month levels significantly less than at 12 months (Pϭ0.005). MMP-2, CRP, and IL-6 all demonstrated an initial significant decline from baseline to 12 months (Pϭ0.031; PϽ0.001, and PϽ0.001, respectively), which subsequently reached a plateau, such that the 24-month observations did not differ significantly from the levels observed at 12 months (Pϭ0.93, Pϭ0.42, and Pϭ0.49, respectively).
Results
Associations between IGF-1 levels and other covariates of interest, as quantified by hierarchical models and simple Pearson correlations, are presented in Table 2 . With respect to the MMP under consideration, whereas the overall negative relations with IGF-1 ( Figure 1, A and B) are each statistically significant (MMP-9, PϽ0.001, and MMP-2, Pϭ0.007, respectively), the absolute magnitude of the negative relation between IGF-1 and MMP-9 is greater than that observed for MMP-2 (Ϫ2.140 versus Ϫ0.356, respectively). This relative strength of association is also reflected in the corresponding significant correlations observed between changes in MMP-9 and IGF-1 values from baseline to 12 and 24 months of observation, which were not present in the case of MMP-2.
Similarly, the overall statistically significant negative relation observed between VEGF and IGF-1 levels (Ϫ0.342, PϽ0.001; Figure 1C ) demonstrated somewhat weaker correlations between actual changes in values over time of the study. Furthermore, there were overall statistically significant negative relations observed between IGF-1 levels and CRP and IL-6, respectively (Ϫ69.81, PϽ0.001 and Ϫ125.73, PϽ0.001); the relative strengths of these relations with IGF-1 are demonstrated by the corresponding correlations between actual changes in values over time of the study ( Table 2) .
It is of interest to note that the effects of GH replacement were also observed with respect to a consistently declining waist circumference and WHR but a virtually unchanged BMI. Indeed, hierarchical analysis of the data found no significant correlation between BMI and the covariates MMP-2 ( (CRP, Pϭ0.40; IL-6, Pϭ0.48) of GH replacement. Likewise, at baseline, MMP-9 levels (730Ϯ310 versus 1248Ϯ651.1 ng/mL; PϽ0.001), MMP-2 (860Ϯ190 versus 1134.4Ϯ217.8 ng/mL; PϽ0.001) levels, and VEGF levels (276Ϯ180 versus 358.5Ϯ209 ng/mL; PϽ0.001) were lower in control subjects compared with GHD subjects. As noted, with GH replacement, MMP-9, MMP-2, and VEGF decreased, but GHD subjects still maintained significantly higher levels of these variables after 12 months of GH replacement compared with control subjects (Figure 2) . However, at 24 months of GH replacement, there were no significant differences noted in MMP-9 and VEGF levels between the two groups, but MMP-2 levels remained significantly higher in GHD subjects (PϽ0.01; Figure 2 ).
Discussion
The present study provides the first evidence that GH replacement decreases plasma concentrations of MMP-2, MMP-9, and VEGF in GHD adults, a patient group at increased risk of CVD. Of these MMPs, which are known to be implicated in CVD and cerebrovascular disease, [7] [8] [9] [10] [11] [12] 22, 23 the decline in MMP-9 was much greater. In addition, there was a statistically significant (negative) association between VEGF and IGF-1 and the MMPs and IGF-1, particularly MMP-9. Of note, the levels of MMP-9 and VEGF were not significantly different from those of the control population at 24 months of GH replacement, although MMP-2 levels remained higher (PϽ0.01) in GHD subjects. Our findings add weight to the cardiovascular risk profile benefits of GH replacement in GHD adults. 4, 19, 20 GHD adults as a group are prone to abnormal cardiac structure and function and premature atherosclerosis, all of which improve with GH treatment. 3, 5, 19 The fall in plasma MMPs after GH replacement noted in this study is therefore of interest, given that both MMP-2 and MMP-9 remodel cardiac and vascular extracellular matrix under physiological and pathological conditions. MMP-9 has been shown to impair cardiac contraction and depress systolic function, 24 a phenotype seen in GHD subjects. 3, 19 Furthermore, MMP-9 activity has been observed in unstable carotid plaques, with corresponding increased plasma MMP-9 (but not MMP-2) concentrations 22 ; MMP-9 has been implicated in plaque rupture. 23 Our findings are therefore interesting, given that a relative increase in the incidence of cerebrovascular disease is reported to be even more marked than the increase in cardiac disease in subjects with hypopituitarism. 25 Low or low normal IGF-1 levels, as seen in GHD individuals, may play a role in the pathogenesis of ischemic heart disease. 4, 20 Moreover, an independent association between IGF-1 and risk of ischemic heart disease has been described in a recent populationbased, case-control study. 26 Our data may provide a plausible link between IGF-1 change and the pathogenesis of increased vascular disease associated with GHD. GH replacement led to a rise in IGF-1 and a simultaneous decline in MMPs and VEGF; significant negative correlations were noted between IGF-1 and MMPs and between IGF-1 and VEGF, the magnitude of the correlation being greatest with MMP-9.
How does GH lead to the observed fall in plasma MMPs and VEGF? Despite the significant negative correlation between VEGF and IGF-1 and between MMPs and IGF-1 noted by us, it remains to be elucidated whether GH effects on MMPs and VEGF represent a direct GH or IGF-1 effect, or indeed both. Furthermore, in vitro data provide conflicting evidence on the effects of IGF-1 on MMPs, with some studies showing a stimulatory effect of IGF-1 on MMP-2 and MMP-9, 27 whereas others demonstrated an inhibitory effect of IGF-1 on these MMPs. 28 -30 With regard to VEGF, there are data that show IGF-1 to enhance VEGF gene expression. 31 However, Nagai et al, 32 despite raised IGF-1 levels, failed to note any significant increase in plasma VEGF concentrations in acromegalic sub- jects. These conflicting findings, in our opinion, raise the possibility that the potential effects of GH/IGF-1 on the MMP system and VEGF may vary, depending on the target tissue. Also, given that the relation between GH status, IGF-I levels, and IGF-binding proteins varies in different physiological and pathological states, extrapolation from our data to other disease entities needs to be cautious.
MMP-2 is synthesized predominantly by mesenchymal cells (smooth muscle and fibroblasts). On the other hand, endothelial cells, macrophages, and infiltrating inflammatory cells are the predominant source of MMP-9. Many factors stimulate the production of these MMPs, including oxidant stress and inflammatory cytokines. 11 Individuals with GH deficiency have enhanced oxidative stress and elevated inflammatory markers, including cytokines, 21 which decrease with GH therapy, as noted in the present study and by others. 21 Furthermore, we observed MMP-9 to correlate positively with CRP and IL-6, a finding demonstrated by others in subjects with diabetes. 33 It is likely, therefore, that the fall in MMPs observed may in part be secondary to the reduced proinflammatory milieu.
VEGF, shown to upregulate MMPs, is produced by endothelial cells in response to vascular "injury." 17, 18 The decline of plasma VEGF concentrations may be potentially significant in view of recent observations suggesting that VEGF upregulates the expression of cyclooxygenase-2 in human endothelial cells, leading to increased synthesis of proinflammatory prostaglandins. 34 Like MMPs, a positive correlation was noted between VEGF and CRP/IL-6. In GHD adults, the improvement in vasculature and endothelial function with GH replacement 4 may therefore also be related to the fall in VEGF.
Adipose tissue, one of the main targets of GH/IGF-1, is an independent risk factor for CVD. We observed a significant decline in waist circumference (WC) and WHR with GH therapy. More importantly, the concentrations of VEGF and MMP-9 were significantly (positively) associated with WC and WHR, both WC and WHR being recognized as better predictors of CVD than BMI. Our findings are intriguing, given that human adipocytes produce and secrete MMP-2 and MMP-9 (and VEGF), all being involved in adipose tissue differentiation 35 and development. 36 Hence, the fall in MMPs and VEGF seen may also be explained by the reduction in abdominal fat. In addition, the greater fall in MMP-9 raises the possibility of a differential effect of GH/IGF-1 on MMPs, either direct or indirect, similar to that seen with the adipocytokine, leptin. 37 In conclusion, we present novel findings that GH decreases concentrations of VEGF and MMP-9, and, to a lesser extent, MMP-2 in GHD adults. Although the exact clinical significance of our findings remain to be fully elucidated, we postulate that our observations may be important in the context of the role of MMPs in CVD and cerebrovascular disease, from which GHD adults are at increased risk. The possibility that a reduction in MMPs and VEGF seen with GH reflect a reduction in overall CVD risk need to be tested in clinical, controlled studies.
